Abstract. Oxidative stress-induced apoptosis is associated with neuronal cell death and ischemia. The NOL3 [nucleolar protein 3 (apoptosis repressor with CARD domain)] protein protects against oxidative stress-induced cell death. However, the protective mechanism responsible for this effect as well as the effects of NOL3 against oxidative stress in ischemia remain unclear. Thus, we examined the protective effects of NOL3 protein on hydrogen peroxide (H 2 O 2 )-induced oxidative stress and the mechanism responsible for these effects in hippocampal neuronal HT22 cells and in an animal model of forebrain ischemia using Tat-fused NOL3 protein (Tat-NOL3). Purified Tat-NOL3 protein transduced into the H 2 O 2 -exposed HT22 cells and inhibited the production of reactive oxygen species (ROS), DNA fragmentation and reduced mitochondrial membrane potential (Δ Ψm ). In addition, Tat-NOL3 prevented neuronal cell death through the regulation of apoptotic signaling pathways including Bax, Bcl-2, caspase-2, -3 and -8, PARP and p53. In addition, Tat-NOL3 protein transduced into the animal brains and significantly protected against neuronal cell death in the CA1 region of the hippocampus by regulating the activation of microglia and astrocytes. Taken together, these findings demonstrate that Tat-NOL3 protein protects against oxidative stress-induced neuronal cell death by regulating oxidative stress and by acting as an anti-apoptotic protein. Thus, we suggest that Tat-NOL3 represents a potential therapeutic agent for protection against ischemic brain injury.
Introduction
Ischemia-reperfusion injury increases oxidative stress and inflammation as well as provoking oxidative damage to the hippocampal CA1 region of the brain (1) . Oxidative stress leads to mitochondrial dysfunction, calcium accumulation, and the increased production of reactive oxygen species (ROS) resulting in post-ischemic reperfusion neuronal death (2, 3) . The pathophysiology of ischemia-reperfusion injury includes the excessive production of ROS that contributes to tissue damage, both directly through lipid peroxidation, protein oxidation, and DNA damage as well as indirectly through the activation of apoptotic pathways (4, 5) .
Oxidative stress is known to induce apoptosis, which has been implicated in various types of cell death including ischemic damage to the heart and brain (6, 7) . Apoptosis may be initiated through the two major pathways of apoptosis, the extrinsic and the intrinsic pathways (8) . The intrinsic apoptotic pathway is initiated by stress signals that lead to the translocation of Bax to mitochondria (9) , the release of cytochrome c (10) and the associated activation of caspase-3 (11) . The extrinsic apoptotic pathway activates death receptors, resulting in death-inducing Tat-NOL3 protects against hippocampal neuronal cell death induced by oxidative stress through the regulation of apoptotic pathways signaling complex (DISC) formation that leads to the activation of caspase-8, followed by the activation of caspase-3 (11) . p53 is a transcription factor that has been found to induce growth arrest through the transactivation of p21 cip1/waf1 and also, to initiate apoptosis in response to DNA damage (12) . Caspase-2 is known to mediate intrinsic apoptotic pathway signaling and may be activated by oxidative stress (7, 13) .
The NOL3 [nucleolar protein 3 (apoptosis repressor with CARD domain)] protein is highly expressed in the heart, skeletal muscle and the brain, and plays a role in the inhibition of physiological apoptotic pathways (7) . NOL3 protein contains two functional domains: the CARD and the proline/glutamic acid (P/E) domains. The CARD domain is similar to the pyrin domain, a small helical death domain that is involved in protein-protein interactions. The CARD domain of the NOL3 protein is capable of downregulating the activity of caspase-2 and -8 by CARD-CARD interactions (14, 15) .
Protein transduction domains (PTDs) including Tat peptide deliver proteins into cells and tissues by crossing membranes or the blood brain barrier (BBB). Many studies, including those conducted by our group have demonstrated that the Tat fusion proteins efficiently transduce into cells/tissues where they protect against various types of oxidative stress-induced cell death including neuronal cell death (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) .
Under conditions of oxidative stress, the regulation of ROS, caspases and pro-apoptotic proteins may be crucial therapies for ischemic brain injury. To address this hypothesis, we have demonstrated the protective effect of cell permeable Tat-fused NOL3 protein (Tat-NOL3) on oxidative stress-induced hippo-(Tat-NOL3) on oxidative stress-induced hippocampal HT22 neuronal death and ischemic brain injury.
Materials and methods
Cell lines and reagents. The mouse hippocampal neuronal cell line, HT22 (from ATCC, Manassas, VA, USA), was cultured in Dulbecco's modifed Eagle's medium (DMEM) (Lonza/ BioWhittaker, Walkersville, MD, USA) containing 10% fetal bovine serum (FBS) and antibiotics (100 µg/ml streptomycin, 100 U/ml penicillin and 100 µg/ml gentamicin sulfate) and cultured in an incubation chamber (37˚C, 95% air and 5% CO 2 ).
FBS and the antibiotics were purchased from Gibco-BRL (Grand Island, NY, USA). We purchased a Ni 2+ -nitrilotriacetic acid Sepharose superflow column from Qiagen, Inc. (Valencia, CA, USA) and Tat peptide from Peptron, Inc (Daejeon, Korea). The primary, secondary, and β-actin antibodies were obtained from Cell Signaling Technology, Inc. (Beverly, MA, USA) and Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA). All other chemicals and reagents were of the highest quality grade available.
Animals. Mongolian gerbils (Meriones unguiculatus;
body weight, 65-75 g, 6 months of age) were obtained from the Experimental Animal Center at Hallym University (Chuncheon, Korea). The animals were housed at a constant temperature (23˚C) and relative humidity (60%) under a fixed 12-h light:12-h dark cycle with unlimited access to food and water. All experimental procedures involving the animals and their care conformed to the Guide for the Care and Use of Laboratory Animals of the National Veterinary Research and Quarantine Service of Korea, and were approved by the Hallym Medical Center Institutional Animal Care and Use Committee (Chuncheon, Korea).
Expression and purification of Tat-NOL3 protein.
The construction of the Tat expression vector was performed as described in our previous study (26) . Human NOL3 cDNA was obtained through PCR amplification with the following specific primers: sense primer, 5'-CTCGAGGGCAACGCGCAG-3'; and antisense primer, 5'-GGATCCTCAGGAATCTTCGGA CTC-3' . The PCR product was subcloned in the Tat expression vector with an N-terminal 6His-tag. To obtain the control NOL3 (con-NOL3) plasmid, Tat leader cDNA was deleted from the Tat-NOL3 plasmid. The recombinant Tat-NOL3 plasmid was transformed into Escherichia coli BL21(DE3; Novagen, Madison, WI, USA) cells and then incubated with 0.1 mM isopropyl β-D-thiogalactoside (IPTG; Duchefa Biochemie, Haarlem, The Netherlands) at 20˚C for 20 h. The cell homogenates were purified by chromatography using an Ni 2+ -nitrilotriacetic acid Sepharose affinity column and a PD-10 column (Amersham, Braunschweig, Germany). Quantification of the purified protein was measured by performing a Bradford assay (Bio-Rad Laboratories, Hercules, CA, USA) using bovine serum albumin (BSA) as the standard (27) .
Transduction of Tat-NOL3 protein.
To analyze the transduction of Tat-NOL3 protein into cells, the HT22 cells were exposed to various concentrations of purified Tat-NOL3 protein (1-14 µM, for 1 h) or for various time periods (10-60 min, at 14 µM). The measurement of the quantity of transduced Tat-NOL3 protein was performed by western blot analysis (28, 29) . We performed 15% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) to analyze the protein. After the proteins were transferred from the gel to a nitrocellulose membrane, the membrane was blocked with phosphate buffered saline (PBS) with Tween 20 (PBS-T) containing 5% non-fat dry milk or BSA. The membrane was probed with a rabbit anti-histidine polyclonal antibody (1:5,000; sc-804, Santa Cruz Biotechnology, Inc.). In addition, to detect apoptosis related-signals in the whole cell lysates, the membrane was immunoblotted using specific antibodies to p21 (2947), p-p53 (9284), p53 (9282), PARP (9532), cleaved PARP (9544), Bax (2772), Bcl-2 (2876), caspase-3 (9662), cleaved caspase-3 (9661), caspase-2 (2224) and caspase-8 (4927) (1:1,000; Cell Signaling Technology, Inc.). In all cases, a horseradish peroxidase-conjugated secondary antibody was used (1:10,000; Cell Signaling Technology, Inc.). The proteins were detected with enhanced chemiluminescence reagents (Amersham, Franklin Lakes, NJ, USA).
To determine the intracellular stability of Tat-NOL3 protein, the cells were treated with Tat-NOL3 for 1 h and were then incubated further for 1-72 h. Subsequently, the cells were harvested and transduced Tat-NOL3 protein was detected using a rabbit anti-histidine polyclonal antibody.
Immunostaining analysis. The cells were cultured on coverslips placed in wells of a tissue culture plate and treated with Tat-NOL3 protein (14 µM). The samples were incubated at 37˚C for 1 h and washed with PBS twice after which they were then fixed with 4% paraformaldehyde for 5 min at room temperature. Subsequently, the cells were incubated with 3% BSA, 0.1% Triton X-100 and PBS (PBS-BT) for 30 min at room temperature, and washed twice with PBS-BT. The primary antibody (His-probe; Santa Cruz Biotechnology, Inc.) was diluted 1:2,000 and the cells were exposed for 2 h at room temperature. The cells were incubated in the dark for 1 h with Alexa Fluor 488-conjugated secondary antibody (Invitrogen, Carlsbad, CA, USA) diluted 1:15,000. To stain the nuclei, 1 µg/ ml DAPI (Roche Applied Science, Basel, Switzerland) was added for 2 min. Analysis was performed under a confocal fluorescence microscope (FA-300; Olympus, Tokyo, Japan) (23, 30) .
Cell viability assay. Cell viability was evaluated as described previously (31, 32) . Briefly, the HT22 cells were exposed to 1 µM hydrogen peroxide (H 2 O 2 ) for 16 h following treatment with Tat-NOL3 or con-NOL3 protein. Cell viability was determined using a WST-1 assay kit according to the manufacturer's instructions (Daeil Lab Service Co., Seoul, Korea). Absorbance was measured at 450 nm with an enzyme-linked immunosorbent assay (ELISA) microplate reader (Multiskan MCC/340; Thermo Labsystems Oy., Helsinki, Finland). Cell viability is presented as a percentage of the control.
Measurement of ROS levels. The ROS level was evaluated as previously described (29) . Briefly, the HT22 cells were treated with 0.5 mM H 2 O 2 for 20 min following treatment with Tat-NOL3 or con-NOL3 protein. To measure the intracellular ROS levels, the cells were treated with 2'-,7'-dichlorofluorescein diacetate (DCF-DA) which is converted into 2'-,7'-dichlorofluorescein (DCF) by H 2 O 2 . Cell fluorescence image intensity was measured at 485-nm excitation and 538-nm emission using a Fluoroskan ELISA plate reader (Thermo Labsystems Oy.). Control cell images were obtained using differential interference contrast (DIC), which is used in images of cell morphology.
Analysis of DNA fragmentation by terminal deoxynucleotidyl transferase (TdT)-mediated biotinylated dUTP nick-end labeling (TUNEL) assay.
Tat-NOL3 protein (14 µM) or con-NOL3 protein was transduced into the HT22 cells for 1 h prior to exposure to 0.5 mM H 2 O 2 for 16 h. DNA fragmentation was detected by TUNEL staining using a Cell Death Detection kit (Roche Applied Science). Images were captured using a fluorescence microscope (Nikon Eclipse 80i; Nikon, Tokyo, Japan) (23).
5,5' ,6,6'-tetrachloro-1,1' ,3,3'-tetraethylbenzimidazoly-carbocyanine iodine (JC-1) mitochondrial membrane potential (Δ Ψm )
assay. To examine Δ Ψm , 14 µM Tat-NOL3 protein or 14 µM con-NOL3 protein was transduced into the HT22 cells for 1 h and subsequently, they were exposed to 0.5 mM H 2 O 2 for 2 h. Δ Ψm was assessed as described previously (33, 34) . Briefly, 100 µl of JC-1 staining solution per ml of culture medium was added and the cells were incubated in a CO 2 incubator at 37˚C for 15 min. JC-1 staining was performed according to the manufacturer's instructions using a JC-1 assay kit (Cayman Chemical Company, Inc., Ann Arbor, MI, USA). The cells were then analyzed with a fluorescence microscope using 507 nm and 530 nm as excitation and emission wavelengths, respectively. To analyze Δ Ψm , the ratio of the reading at 590 nm to the reading at 530 nm was considered as the relative Δ Ψm value. Images of each sample were captured using a fluorescence microscope (Nikon Eclipse 80i).
Establishment of an animal model of forebrain ischemia.
A model of forebrain ischemia was established as described in previous studies (35, 36) . Briefly, the animals were anesthetized, common carotid arteries were isolated, freed of nerve fibers, and occluded with non-traumatic aneurysm clips. Complete interruption of blood flow was confirmed by observing the retinal artery using an ophthalmoscope (HEINE K180 ® , Heine Optotechnik, Herrsching, Germany). After 5 min of occlusion, the aneurysm clips were removed.
To explore the protective effects of Tat-NOL3 protein against ischemic damage, the animals were divided into 5 groups (n=10/group); sham-operated group, vehicle (saline)-treated group, Tat peptide-treated group, con-NOL3-treated group, and Tat-NOL3-treated group (each 2 mg/kg) with ischemic surgery. Tat peptide, con-NOL3 protein, and Tat-NOL3 proteins were administered intraperitoneally 30 min after ischemia-reperfusion.
Immunohistochemical analysis. To examine the effects of Tat-NOL3 on ischemic damage, brain tissue samples were obtained at 7 days after ischemia-reperfusion. Immunohistochemistry was performed as described previously (33, 35, 36) . The animals were anesthetized with 30 mg/kg Zoletil 50 (Virbac Laboratories, Carros, France) at 7 days after ischemia-reperfusion and perfused transcardially with 0.1 M PBS (pH 7.4) followed by 4% paraformaldehyde in 0.1 M phosphate buffer (pH 7.4). The brains were removed and post-fixed in the same fixative for 6 h. The brain tissue samples were cryoprotected by infiltration with 30% sucrose overnight. The frozen tissues were then serially sectioned on a cryostat (Leica, Wetzlar, Germany) into 30 µm coronal sections to investigate the morphological and neuronal changes in the hippocampus, and subsequently, the sections were collected into 6-well plates containing PBS.
For the histological analysis, the sectioned brains were incubated with mouse anti-neuronal nuclei (NeuN; 1:1,000; Chemicon International, Inc., Temecula, CA, USA), rabbit anti-ionized calcium-binding adapter molecule 1 (Iba-1; 1:500; Wako, Osaka, Japan), and rabbit anti-glial fibrillary acidic protein (GFAP; 1:1,000; Chemicon International, Inc.) for 48 h at 20˚C. They were then exposed to biotinylated rabbit anti-goat IgG (1:200; Vector Laboratories, Inc., Burlingame, CA, USA) or goat antimouse IgG and streptavidin-peroxidase complex and visualized with 3,3'-diaminobenzidine (Sigma-Aldrich, St. Louis, MO, USA). Cresyl violet (CV; Junsei Chemical Co. Ltd., Saitama, Japan) and Fluoro-Jade B (FJB; Millipore Co., Temecula, CA, USA) staining were performed as previously described (23, 33) . Additionally, we performed immunostaining with a rabbit anti-histidine antibody and DAPI to detect the transduction of Tat-NOL3 protein in the brain hippocampus.
Statistical analysis. The data presented represent the means ± SD from three independent experiments. One way ANOVA and the Student's t-test were used for comparisons between the groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Purification and transduction of Tat-NOL3 protein into HT22 cells. Transducible Tat-NOL3 proteins were generated by cloning cDNA of NOL3 into the 6His tags of a Tat-expression vector. To obtain con-NOL3 proteins, the Tat domain was deleted from the Tat-NOL3 construct. Recombinant Tat-NOL3 and con-NOL3 proteins were overexpressed in E. coli BL21(DE3) cells by IPTG induction. The Tat-NOL3 and con-NOL3 proteins were purified using an Ni 2+ -nitrilotriacetic acid Sepharose affinity column and each Tat-NOL3 and con-NOL3 protein was evaluated by SDS-PAGE and western blot analysis using an anti-rabbit polyhistidine antibody (Fig. 1A) . To examine the localization of Tat-NOL3 protein in the cells, transduced Tat-NOL3 proteins were stained with nuclear and cytosolic markers, DAPI and Alexa Fluor 488-conjugated secondary antibody, respectively. As shown in Fig. 1B , con-NOL3 proteins were undetectable in the HT22 cells. Differing from the con-NOL3 proteins, the transduced Tat-NOL3 proteins were mainly detected in the cytoplasm by fluorescence microscopy. We also evaluated the permeability of Tat-NOL3 proteins and con-NOL3 proteins in the hippocampal neuronal HT22 cells. Tat-NOL3 protein transduction into the HT22 cells gradually increased in a dose-(1-14 µM) and time-dependent (10-60 min) manner (Fig. 1C) . In addition, intracellular stability of transduced Tat-NOL3 protein existed in the cells for a maximum of 60 h (Fig. 1D) .
Tat-NOL3 protein increases cell viability and inhibits ROS-induced DNA fragmentation and mitochondrial dysfunction in HT22 cells.
Ischemia-reperfusion is associated with ROS generation in tissues (37) . To determine the effects of Tat-NOL3 protein on H 2 O 2 -exposed HT22 cells, we treated the HT22 cells with Tat-NOL3 or con-NOL3 prior to H 2 O 2 exposure. We then measured the ability of Tat-NOL3 protein to inhibit H 2 O 2 -induced cell death and ROS generation. The cell viability of the H 2 O 2 -treated cells was 42%. However, cell viability increased in a dose-dependent manner up to 70% in the cells treated with Tat-NOL3 protein whereas con-NOL3 protein did not exert a protective effect against H 2 O 2 -induced cell death (Fig. 2A) . In addition, we measured the degree of ROS generation using fluorescence microscopy. In the H 2 O 2 -and con-NOL3 protein-treated HT22 cells, fluorescence signals were strongly detected. However, the fluorescence signals were markedly decreased in the Tat-NOL3 protein treated cells (Fig. 2B) . These results indicate that transduced Tat-NOL3 prevents cell death caused by H 2 O 2 -induced ROS production.
Mitochondria are a major cellular source of ROS production. Ischemia-reperfusion is known to induce changes in Δ Ψm resulting in mitochondrial dysfunction (3, 9) . To examine whether Tat-NOL3 protein exerts an effect on Δ Ψm , the HT22 cells were exposed to H 2 O 2 . As shown in Fig. 3A , Δ Ψm changes in the cells treated with con-NOL3 protein were strongly induced following exposure to H 2 O 2 whereas transduced Tat-NOL3 protein protected against Δ Ψm changes in the H 2 O 2 -exposed HT22 cells and Δ Ψm changes were similar to those observed in the normal control group. Thus, it seems reasonable to conclude that transduced Tat-NOL3 protein plays a role in protecting cells against mitochondrial dysfunction.
ROS production contributes to apoptotic cell death and DNA fragmentation after ischemia-reperfusion injury (38, 39) . Tat-NOL3 protein suppressed ROS-induced mitochondrial dysfunction in the HT22 cells. Consistent with this, we determined the effect of Tat-NOL3 protein on H 2 O 2 -induced DNA fragmentation in the HT22 cells by performing a TUNEL assay. TUNEL-positive cells were detected in the H 2 O 2 -treated control group and the con-NOL3 protein-treated group. However, TUNEL-positive cells were only slightly detected in the Tat-NOL3 protein-treated group (Fig. 3B) . These results indicate that Tat-NOL3 inhibits ROS-induced DNA fragmentation in HT22 cells. The activation of p53 by elevated ROS levels elicits cell cycle arrest or apoptosis (40) . Oxidative DNA damage, which may result in DNA fragmentation causing cells to undergo cycle arrest followed by apoptotic cell death (38) . It has been demonstrated that excessive ROS levels induce increased levels of p21 cip1/waf1 (p21) and decreased levels of cleaved-PARP in a p53 dose-dependent manner (41) . Thus, we examined the effect of Tat-NOL3 protein on p53 function in H 2 O 2 -stimulated HT22 cells. Tat-NOL3 protein inhibited the phosphorylation of p53 in the presence of H 2 O 2 , whereas con-NOL3 protein demonstrated no effect on H 2 O 2 -stimulated p53 phosphorylation. However, Tat-NOL3 protein did not change p53 expression levels in the H 2 O 2 -exposed HT22 cells (Fig. 4) . In addition, we examined the correlation between Tat-NOL3 protein and oxidative DNA damage in H 2 O 2 -exposed HT22 cells. With gradually increasing doses of Tat-NOL3 protein, the levels of p21 and cleaved-PARP markedly decreased whereas PARP levels increased. However, con-NOL3 protein did not demonstrate the same effects on p21 and PARP expression levels (Fig. 4) . These findings suggest that Tat-NOL3 inhibited p53-induced oxidative DNA damage through the regulation of p21 and PARP expression levels in the HT22 cells.
Tat-NOL3 protein inhibits ROS-induced apoptosis in HT22
cells. ROS are associated with the caspase-dependent apoptotic pathways and H 2 O 2 is known to be a potent pro-apoptotic stimulus (42) . To examine the effect of Tat-NOL3 protein on ROS-induced apoptosis in HT22 cells, the cells were transiently exposed to 0.5 mM H 2 O 2 for 20 min and the expression of Bax, Bcl-2, caspase-2 and -8, cleaved caspase-3, and caspase-3 were detected using western blot analysis. The expression levels of Bax and cleaved-caspase-3 were increased whereas the expression levels of Bcl-2, caspase-2 and -3 were decreased by H 2 O 2 . Notably, transduced Tat-NOL3 protein markedly decreased the expression levels of Bax and cleaved caspase-3, whereas it increased the expression levels of Bcl-2, caspase-3 and -8. However, con-NOL3 protein did not affect the expression of apoptosis-related proteins in the H 2 O 2 -exposed HT22 cells (Fig. 5 ). These results indicate that H 2 O 2 acts as pro-apoptotic stimulus, whereas transduced Tat-NOL3 Figure 3 . Effects of transduced Tat-fused (Tat)-NOL3 protein on mitochondria membrane potential (Δ Ψm ) and DNA fragmentation in H 2 O 2 -exposed HT22 cells. (A) Tat-NOL3 protein was transduced for 1 h, and the cells were exposed to 500 µM H 2 O 2 for 2 h. Δ Ψm was evaluated by JC-1, using a mitochondrial membrane potential assay kit. (B) Tat-NOL3 protein was transduced for 1 h, and the cells were exposed to 500 µM H 2 O 2 for 16 h. DNA fragmentation was detected by TUNEL staining. Images were captured using a fluorescence microscope. * P<0.01, compared with H 2 O 2 -exposed cells. Scale bar, 50 µm; con-NOL3, control NOL3. protein selectively suppressed both ROS-induced intrinsic and extrinsic apoptotic pathways through the downregulation of pro-apoptotic proteins and the upregulation of anti-apoptotic proteins.
Transduced Tat-NOL3 protects against neuronal cell death in a model of ischemic injury. Ischemia-reperfusion results in a decrease of neurons in the CA1 region of the hippocampus (43) . NeuN is used as a marker for neurons (44) . Thus, we examined whether transduced Tat-NOL3 protein protects against ischemic injury-induced neuronal cell death in the hippocampal CA1 regions. Cell viability was determined by immunohistochemistry using a His antibody and NeuN stains. As shown in Fig. 6 , transduced Tat-NOL3 protein significantly inhibited neuronal cell death in the CA1 regions compared with the vehicle-, Tat peptide-, and con-NOL3-treated groups. Consistent with these results, CV staining also revealed that transduced Tat-NOL3 protein markedly increased neuronal cell viability in the hippocampal CA1 region. However, Tat peptide-and con-NOL3 protein-treated groups did not show the same effect on neuronal cell viability and showed similar levels to the vehicle control group (Fig. 7) .
Iba-1 is expressed in microglia and may be associated with the activation of microglia in the ischemic brain (45) . Neuronal injury was stained and detected using FJB. GFAP is a specific marker for astrocytes, which are one of the predominant types of glial cells (46) . Thus, we also performed Iba-1, GFAP, and FJB staining in the hippocampal CA1 regions of the animal brains (Fig. 7) . In the vehicle-, con-NOL3 protein-, and Tat peptide-treated groups, Iba-1, GFAP, and FJB fluorescence was strongly detected. However, Iba-1, GFAP, and FJB fluorescence were significantly decreased by transduced Tat-NOL3 protein.
These results indicate that ischemic injury induced microglial activation (Iba-1), astrocyte accumulation (GFAP), and neuronal injury (FJB) in the CA1 region of the hippocampus. However, transduced Tat-NOL3 protein protected against neuronal cell death resulting from ischemic injury in the hippocampal CA1 region by reducing the activation of astrocytes and microglia.
Discussion
Ischemia-reperfusion injury causes neuronal death in the hippocampal CA1 region through oxidative stress-induced apoptosis. Oxidative stress is associated with mitochondrial dysfunction and increased ROS production resulting from the ischemic cascade initiated due to oxygen reperfusion following ischemia (47) . Ischemia-reperfusion triggers two apoptotic pathways. The intrinsic mitochondrial pathway causes the activation of Bcl-2 and the translocation of Bax into mitochondria which results in the release of cytochrome c and the activation of caspase-3 (48). The extrinsic apoptotic pathway is mediated by the activation of cell surface death receptors which activate caspase-8 and subsequently activate caspase-3 (49) . It is important to note that p53 is involved in both the intrinsic and the extrinsic apoptotic pathways (50) .
Excessive ROS are generated from mitochondria and are also stimuli of the intrinsic mitochondrial pathway (3), whereas the effect of intracellular ROS on the extrinsic apoptotic pathway remains unclear. Notably, recent evidence suggests that ROS activate sphingomyelinase which is responsible for the generation of ceramide that is involved in the induction of Fas receptor and Fas ligand. Moreover, ROS sensitize cancer cells to TRAIL-induced apoptosis (5, 20) . This implies that ROS may affect not only the intrinsic mitochondrial pathway but also the extrinsic apoptotic pathway. In this study, we examined whether transduced Tat-NOL3 protein plays a role in the intrinsic and extrinsic apoptotic pathways under conditions of oxidative stress.
To transduce NOL3 protein into hippocampal neuronal HT22 cells as well as gerbil brains in a model of forebrain ischemia, we prepared Tat-NOL3. Tat-NOL3 protein transduced into the HT22 cells in a time-and dose-dependent manner. To examine the effects of Tat-NOL3 protein on stressinduced HT22 cell death, we exposed the cells to H 2 O 2 . The H 2 O 2 -exposed HT22 cells exhibited intracellular ROS accumulation and disruption of Δ Ψm leading to intrinsic mitochondrial apoptosis. However, the transduction of Tat-NOL3 protein into the HT22 cells exposed to H 2 O 2 , resulted in reduced levels of intracellular ROS and recovery of Δ Ψm to normal levels, suggesting that Tat-NOL3 protein inhibits mitochondrial dysfunction. Although the exact mechanisms responsible for the protective effects of Tat-NOL3 in H 2 O 2 -induced neuronal cell death warrant further study, these results indicate that Tat-NOL3 may control complex cascades of H 2 O 2 production that are mediated by the inhibition of intrinsic mitochondrial apoptosis. Consistent with this observation, the transduction of Tat-NOL3 protein to the cytosol of the H 2 O 2 -exposed HT22 cells resulted in decreased DNA fragmentation and the inactivation of p53. Additionally, the expression levels of oxidative DNA damage-related proteins, p21 cip1/waf1 and cleaved PARP, were regulated by Tat-NOL3 protein. These results indicate that Tat-NOL3 inhibited the H 2 O 2 -mediated loss of p21 and cleavage of PARP.
Next, we examined the interplay between Tat-NOL3 protein and the intrinsic and extrinsic apoptotic pathways through interactions with caspases and apoptosis-related proteins. Transduced Tat-NOL3 protein protected against the oxidative-stress induced activation of the intrinsic apoptotic pathway through the inhibition of mitochondrial damage and the regulation of pro-or anti-apoptotic protein expression including Bax and Bcl-2 protein. Tat-NOL3 protein increased anti-apoptotic Bcl-2 protein expression levels whereas pro-apoptotic protein Bax expression levels were reduced by the inhibition of excessive ROS generation. Furthermore, Tat-NOL3 protein Figure 7 . Effect of Tat-fused (Tat)-NOL3 protein on neuronal cell death and activation of astrocytes and microglia following ischemic insults. Gerbils were treated with a single injection of Tat-NOL3 (2 mg/kg) protein and sacrificed after 7 days. Hippocampal CA1 regions were stained with cresyl violet (CV), ionized calcium-binding adapter molecule 1 (Iba-1), glial fibrillary acidic protein (GFAP), and Fluoro-Jade B (FJB) in sham-, vehicle-, Tat peptide-, control (con)-NOL3-and Tat-NOL3-treated ischemic animals. The black boxes in the first row of images denote the areas shown at higher magnification in the second row of images. Scale bar, 100 µm except for 50 µm when at higher magnification.
inhibited the extrinsic apoptotic pathway by activating the caspase cascade including caspase-3.
Apoptotic cell death is initiated through the extrinsic and intrinsic pathways. Previous research has shown that NOL3 inhibits the extrinsic pathway by activating caspase-8 while activating the intrinsic pathway through the regulation of Bax, p53, and mitochondrial responses to stress stimuli (51) . Although further study is merited in order to understand the precise mechanism, other studies have suggested that NOL3 protects against cell death by regulating the extrinsic and intrinsic apoptosis pathways through a multifunctional mechanism (52) . In agreement with the other studies, the results of this study demonstrate that transduced Tat-NOL3 protein protected against oxidative stress-induced cell death by inhibiting the intrinsic and extrinsic apoptotic pathways and suggest that transduced Tat-NOL3 protein inhibited H 2 O 2 -induced neuronal cell death through the regulation of apoptotic signal pathways.
The ischemia-reperfusion model leads to the delayed degeneration of pyramidal neurons in the CA1 region of the hippocampus (53) . In previous studies, we demonstrated that transduced PTD fusion proteins protect against delayed pyramidal neuronal degeneration in the hippocampal CA1 region in an animal model of ischemia (23, 33) . Thus, the protective effects of Tat-NOL3 protein against ischemic damage were determined by immunohistochemistry. To confirm that transduced Tat-NOL3 protein protects against neuronal damage in an animal model of ischemia, Tat-NOL3 proteins were intraperitoneally administered 30 min after the induction of ischemia. Seven days after ischemia, the protective effects of Tat-NOL3 proteins were confirmed by CV and NeuN immunohistochemistry. Neuronal cell viability was significantly increased in the hippocampal CA1 regions of the Tat-NOL3 protein-treated group. These results indicate that Tat-NOL3 protein transduced into the CA1 region of the animal brain and protected against neuronal cell death. We also demonstrated that CA1 pyramidal neurons were protected against ischemic damage in the Tat-NOL3 protein-treated groups. Activated astrocytes and microglia were significantly decreased in the Tat-NOL3 protein-treated groups compared with the vehicle-treated groups. These results indicate that transduced Tat-NOL3 protein protected against ischemic damage by reducing the activation of astrocytes and microglia. Thus, we suggest that transduced Tat-NOL3 protein may be a useful agent for preventing ischemic damage.
In conclusion, we demonstrated that Tat-NOL3 protein transduced into HT22 cells and protected against neuronal cell death induced by oxidative stress through the regulation of apoptotic signaling pathways. In addition, Tat-NOL3 protein markedly protected against neuronal cell death in the CA1 region of the hippocampus by reducing the activation of astrocytes and microglia. Thus, we suggest that Tat-NOL3 protein may be a therapeutic agent against ischemia and oxidative stress-induced neuronal cell death.
